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ABSTRACT

Context. The essential physics of dust grains are typically rationalised using phenomenological approaches, often assuming highly
simplified grain morphologies. Such descriptions are necessary if the underlying microscopic details are unknown or too complex
to model. For small nanosized dust particles, these constraints can be overcome by atomistic simulations that can provide realistic
detailed grain models.

Aims. We show how atomistic forcefield-based simulations can be harnessed to: (i) model the growth of structurally realistic
nanograins, and (ii) calculate a range of astrophysically relevant physicochemical properties directly from the growing grains.
Methods. We report the Nucleated Atomistic Grain Growth Simulator (NAGGS) as a new tool to model the growth of realistic
nanosized dust grains through the progressive accretion of monomers onto a nucleated seed. NAGGS can be used with open source
molecular dynamics codes, allowing for the modelling of grains that have different chemical compositions and are grown under a
range of astrophysical conditions.

Results. To demonstrate how NAGGS works, we use it to produce 40 nanosilicate grain models with diameters of ~3.5 nm and
consisting of ~1500 atoms. We consider Mg-rich olivinic and pyroxenic grains, and growth under two circumstellar dust-producing
conditions. We calculate properties from the atomistically detailed nanograin structures (e.g. morphology, surface area, density, dipole
moments) with respect to the size, chemical composition, and growth temperature of the grains.

Conclusions. Our simulations reveal detailed new insights into the complex interacting degrees of freedom during grain growth and
how they affect the resultant physicochemical properties. For example, we find that surface roughness depends on the Mg:Si ratio
during growth. We also find that nanosilicates have very high dipole moments, which depend on the growth temperature. Such find-
ings could have important consequences (e.g. astrochemistry, microwave emission). In summary, our bottom-up physically motivated
approach offers a detailed understanding of nanograins that could help in both interpreting observations and improving dust models.
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1. Introduction

Cosmic dust grains with sizes ranging from nanometres to
micrometres constitute a small proportion of the mass of the
interstellar medium (ISM) but play a fundamental role in many
astrophysical processes. Dust absorbs and re-radiates stellar light
and interacts with electromagnetic fields and ionised environ-
ments. These mechanisms combine to influence star formation
and galactic morphology (Draine 2003). The small size of grains
also leads to a relatively high proportion of available surface for
adsorbing gas phase species and promoting chemical reactions
(Potapov & McCoustra 2021). Despite their central role in many
astrophysical and astrochemical phenomena, the detailed atom-
istic processes that govern their growth, structure, and physico-
chemical properties under different environments remain incom-
pletely understood. The growth of grains depends sensitively on
local parameters, such as gas density, temperature, and chem-
ical abundances, which can vary drastically between different
astrophysical environments. Observations can provide indirect
constraints on these parameters, while experiments can repro-
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duce only limited aspects of the extreme and varied conditions
involved. Theoretical models can offer microscopic insights but,
because grain growth is both complex and inherently multiscale,
they usually treat only one part of the process. Here we put for-
ward a bottom-up simulation framework that allows multiple
properties of growing grains to be computed from an explicit
atomistic level description.

For grains with sizes above 100 nm with several millions
of atoms, atomistically detailed modelling starts to become
intractable. For such a grain size regime, phenomenological
numerical modelling approaches can be employed to estimate
grain growth rates (e.g. Hirashita & Kuo 2011; Zhukovska et al.
2018; Priestley etal. 2021). For smaller nanosized parti-
cles, atomistic modelling has shown that their structures
and physicochemical properties can strongly depend on size
and chemical composition (Catlow et al. 2010; Escatllar et al.
2019). For circumstellar environments, explicit atomistically
detailed models of molecular-scale species potentially par-
ticipating in nucleation pathways have been proposed based
on accurate quantum chemical density functional theory
(DFT) calculations (e.g. Goumans & Bromley 2012, 2013). The
results of these calculations can then be used to underpin
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numerical models of nucleation and growth of larger particles
(e.g. Gobrecht et al. 2016). Calculations using DFT can also
be used to model local surface regions of larger grains by
using slab models with a periodically repeated cell. Such stud-
ies are primarily used for modelling surface astrochemistry (e.g.
Bancone et al. 2023) but are less suitable for describing the com-
plex long-range structure and associated properties of whole
grains. The computationally expensive nature of electronically
detailed DFT calculations has thus far tended to limit them to
systems of up to ~200-300 atoms.

To provide a highly detailed description of grain structure
and growth for larger particles, one can use computationally
more efficient atomistic modelling methods. Such approaches
often employ parameterised forcefields (FFs) that can provide
an accurate description of interatomic interactions, while avoid-
ing explicit calculation of the full electronic structure of the sys-
tem (Goudeli 2019). In an astronomical context, there are a few
examples of using FFs to model the properties of grains with
a few hundred atoms. Ice grain models with up to 1000 water
molecules have been built from the sequential placement of H,O
molecules using a mixed approximate quantum mechanical and
FF approach (Germain et al. 2022). A FF-based approach has
also been used to estimate sticking coefficients of atomic and
molecular species on a pre-built amorphous carbon nanoparticle
model containing 512 carbon atoms (Bossion et al. 2024).

Here, we report a bottom-up FF-based approach for explic-
itly simulating atomistic level grain growth under astrophysical
conditions. Our Nucleated Atomistic Grain Growth Simulator
(NAGGS) can be used for growing grains from a few tens of
atoms up to a few thousand atoms. With such information, size-
dependent structural, physical, and spectroscopic properties can
be followed from the molecular scale to the nanoscale. NAGGS
thus helps to provide unprecedented insights into realistically
grown nanograins. We highlight an example of how the NAGGS
code can be employed through application to simulating the cir-
cumstellar growth of nanosilicate grains while tracking a set of
astrophysically relevant properties. Although we use this spe-
cific case study to demonstrate our approach, the NAGGS code
can be applied to the growth of grains with arbitrary chemical
compositions at any selected temperature. As such, NAGGS can
be used to describe a wide range of astrophysical environments
and grain types.

Silicate dust is found in a wide range of astrophysical
environments (Henning 2010) and is believed to be mainly
formed in the circumstellar envelopes of oxygen-rich asymp-
totic giant branch (AGB) stars in high-temperature nucleated
growth processes (Gail & Sedlmayr 1998). Assuming thermo-
dynamic equilibrium and reasonable elemental abundances, it is
predicted that the first circumstellar silicates to condense would
be Mg-rich olivinic (i.e. Mg,;SiO4) grains (Gail & Sedlmayr
1999; Ferrarotti & Gail 2002, 2006). Attempts to describe how
such silicate grains form and grow have tended to focus on
homogeneous nucleation of SiO monomers using classical
nucleation theory (CNT) based approaches (Nuth & Ferguson
2006; Paquette et al. 2011; Gail et al. 2013). CNT is a phe-
nomenological equilibrium approach that employs parameters
related to uniform macroscopic droplets, even down to the
scale of nanoclusters. Such assumptions have led to doubts
about the degree of applicability of CNT to nucleation of
silicate dust grains (Donn & Nuth 1985; Cherchneff & Dwek
2010; Paquette & Nuth 2011). Although clearly useful, CNT
does not provide an atomistically detailed description of the
structural and dynamical aspects of nucleation and growth pro-
cesses. Without access to the detailed physical and chemical
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properties of growing grains, the degree to which CNT-
based predictions can be tested observationally is inherently
limited.

Studies using CNT-based approaches tend to predict that sig-
nificant circumstellar SiO nucleation should start at 600-900 K
(Gail & Sedlmayr 1999; Ferrarotti & Gail 2002, 2006). Kinetic
nucleation theory (KNT) calculations, which also employ accu-
rate data from atomistic modelling, confirm that circumstellar
nucleation of SiO monomers would occur only at the lower end
of the temperature range predicted by CNT (i.e. close to 600
K) (Bromley et al. 2016). However, the observed temperatures
at the inner edge of silicate-forming dust shells are often found
in the 900-1200 K range (Groenewegen et al. 2009 Danchi et al.
1994). This strongly suggests that silicate grain formation and
growth proceeds by processes that are more efficient than only
SiO condensation at higher temperatures. For typical physical
conditions in a circumstellar silicate dust condensation zone
(i.e. 1000-1200K, 0.001-0.1 Pa), O is locked in H,O and SiO,
while Mg is atomic (Gail & Sedlmayr 1998, 1999). By explic-
itly calculating the atomistic structures and corresponding ther-
modynamic stabilities of the clusters that could form from these
monomers under such conditions, a viable grain growth route
was proposed with alternating steps of oxidation and metal
incorporation (Goumans & Bromley 2012). This process has
been implemented in KNT grain growth models and found to
be in good agreement with observation (Sarangi & Cherchneff
2013 Gobrecht et al. 2016). Other atomistic modelling work has
focused on the nucleation of the very first seeds to initiate sil-
icate growth. Although silicates are highly refractory materi-
als, in extreme circumstellar environments homogeneous nucle-
ation is strongly thermodynamically hindered. Studies have thus
investigated several small clusters (<50 atoms) of more refrac-
tory materials (e.g. TiO, and Al,O3 based species) as potentially
viable nucleation seeds for silicates (Goumans & Bromley 2013;
Gobrecht et al. 2022, 2023).

Unlike atomistic modelling attempts to understand the ini-
tial steps of silicate nucleation, NAGGS uses pre-nucleated seed
particles and models the explicit accretion of selected monomers
at a chosen temperature. For the current nanosilicate growth case
study, we employ an olivinic seed particle containing a few tens
of atoms. From this initial seed structure, grain growth is fol-
lowed for a sequence of monomer additions. This procedure
currently allows us to access grains with a few thousand atoms
having diameters of a few nanometres.

Ultrasmall nanosilicate clusters with fewer than 100 atoms
and radii less than 0.5 nm have structural and spectral prop-
erties that are strongly affected by their size (Escatllar et al.
2019; Zeegers et al. 2023; Bromley 2024). With increasing size,
nanosilicate grains will increasingly exhibit properties associ-
ated with macroscopic laboratory silicate samples. However, it
is not clear how quickly this transition occurs with respect to
grain size. Herein, we focus on nanograins with radii between
0.5 nm and 1.7 nm. Nanosilicate grains with radii up to 1.5
nm could constitute up to ten percent of the silicate grain mass
(Li & Draine 2001; Hensley & Draine 2017). However, due to
their small size, this relatively low mass fraction would imply
a huge numerical abundance of such nanosilicates. The main
evidence for the widespread abundance of such nanosilicates
comes from their potential role as carriers of the anomalous
microwave emission (see Hensley & Draine 2017; Hoang et al.
2016; Escatllar & Bromley 2020). Nanosilicates have also been
reported to play a potentially important role in growth and
nucleation processes in different astrophysical environments
(e.g. circumstellar grain growth (Kimura et al. 2022), silicate
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cloud formation in exoplanets (Dyrek et al. 2024) and brown
dwarfs (Sudrez & Metchev 2022). To follow the nanosilicate
grain growth process in detail, we calculated a range of astro-
physically relevant physicochemical grain properties (e.g. struc-
ture, morphology, density, dipole moments) and analyse how
they depend on size, temperature, and chemical composition.
The corresponding treatment of infrared spectra will be the focus
of a follow-up study.

2. The NAGGS code

The primary objective of the NAGGS code is to provide a gen-
eral platform to follow the atomistically detailed growth of dust
grains from nucleated seed particles. For the purposes of this
work we refer to grain growth as a process of accretion of gas
phase molecular species. In future versions of the code we also
plan to include growth by grain-grain aggregation. NAGGS sim-
ulates the accretion process by controlling sequential collisions
of monomers with the growing grain using atomistic molec-
ular dynamics (MD) simulations. The NAGGS runs are ini-
tially set-up by specifying: (1) the size, structure and chemical
composition of the initial nucleated seed particle, (2) a library
of monomers, i.e. the atomic and molecular species that will
be used to grow the grain, (3) the desired chemical composi-
tion of the grains (e.g. for magnesium silicates this could bias
the stoichiometry to pyroxenic (Mg:Si ratio of 1) or olivinic
(Mg:Si ratio of (2) grains), and (4) the temperature. In this
work, we model the growth of nanosilicate grains following the
monomeric growth process proposed by Goumans & Bromley
(2012). In this scenario, if either Mg or SiO is introduced in
one step, in the subsequent addition an oxygen atom is added,
and vice versa. Note that we employ O monomers instead of
OH or H,0 molecules following the simplifying and reasonable
assumption that these latter species mainly act to add O to the
growing particle and liberate gaseous H,. The selection of either
Mg or SiO monomers is dependent on a probabilistic bias of
the growth towards the target chemical composition. Once an
incoming monomer is chosen, its speed (s) is assigned from a
Maxwell-Boltzmann distribution that is consistent with the spec-
ified temperature. The selected monomer is then placed at a ran-
dom position around the grain at a radial distance from the centre
of mass (COM) of the grain determined by

COMuyistance = @ + (a + B5), (1

where a is the estimated radius of the grain (see below), s is
the monomer speed and « and  are user-defined constants. The
additive constant ensures that the incoming monomer starts suf-
ficiently away from the grain surface, so that there are no sig-
nificant monomer-grain interactions. The multiplicative constant
allows for faster monomers to be placed further away from the
surface which helps to normalise the number of MD steps for
collisions of monomers with different speeds. To determine the
velocity of each incoming monomer, a radial vector pointing
from the monomer to the COM of the grain is first defined with
a magnitude set to s. This vector is then displaced in a random
perpendicular direction to the direction of the vector by a ran-
dom radial offset (i.e. the impact parameter). In this work, the
impact parameter range was set to be between zero and 0.9a.
Using this information, NAGGS generates the necessary
inputs for the open access LAMMPS (Thompson et al. 2022)
code, which then performs the classical FF-based MD simula-
tions to perform the collision of the monomer with the grain.
After each MD run, the resulting new grain structure is equili-
brated to the ambient temperature and then serves as the starting
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point for the next monomer addition cycle. Taking the number
density of circumstellar monomers to be 10’ m~ and a temper-
ature of 1100 K, the average interval between collisions with a
grain with @ = 1 nm is expected to be of the order of 10 hours.
Thus, each collision between a monomer and the growing grain
is assumed to be independent of other collisions.

Each NAGGS monomer accretion cycle is divided into two
phases. First, the internal temperature of the grain is equilibrated
to the target value using a thermostat under the canonical ensem-
ble (NVT: constant number of atoms, volume and temperature).
In the second phase, the incoming monomer is introduced using
the computed position and velocity, and the simulation is run
under the microcanonical ensemble (NVE: constant number of
atoms, volume and energy). In this work, we found that a 1.5 ps
duration was sufficient for the energy of the impacting monomer
to dissipate throughout the grain upon and after the collision. For
the equilibration of the grain temperature before a subsequent
monomer addition, we used a period of 2.5 ps. The timescales
for equilibration and dissipation are more sensitive for the initial
stages of growth when the grain has fewer than a couple of hun-
dred atoms, and each collision has a proportionally larger effect.
In principle, this means that the equilibrium time can be pro-
gressively reduced for larger grains without significantly affect-
ing the results obtained. Herein, we retain the same reported MD
times for the full NAGGS run in all cases.

The FF used to describe the interactions between all ions
in the growing nanosilicates (i.e. Si**, Mg?* and O%") includes
carefully parameterised analytical terms for long-range electro-
statics and polarisation, short-range attractive van der Waals
interactions and Pauli repulsion. The FF is based on that used to
model nanosilicates in Escatllar et al. (2019), but with a slightly
improved parameterisation of the Mg-O interaction. The full list
of FF parameters used in the reported NAGGS simulations are
listed in Tables A.1-A.3 in Appendix A. To assess the capacity
of this FF to describe relative energetic stabilities of nanosili-
cate structures, the set of 90 nanosilicate used in Zeegers et al.
(2023) was used as a reference test set. Each of the nanosilicate
structures in this latter set was optimised using the FF used in
the present work and with accurate quantum chemical DFT cal-
culations. Figure B.1 in Appendix B shows the relative energy
per formula unit obtained from each approach for pyroxene and
olivine nanosilicates, showing a good correlation between both
methods for each composition. We note that NAGGS can be used
with a wide range of FFs (e.g. FFs parameterised for other ele-
ments, machine-learned FFs). In principle, this allows NAGGS
to model the growth of many complex nanograin types with dif-
ferent astrophysically relevant morphologies and compositions
(e.g. carbonaceous, silicate-carbonaceous, silicate-ice).

We note that the NAGGS set-up described above leads to
almost all incoming monomers remaining on the nanosilicate
grain surface close to the site of the collision in all simu-
lations. This suggests that silicate grain growth by accretion
could have a very high sticking coefficient. This efficient growth
is likely driven by the strong directing interactions between
the monomers and the ions in the growing grain. As neutral
monomers get closer to the grain, they first become polarised by
the ions in the grain, which drives an increased attraction. Even-
tually, when very close to the grain, the monomers are incorpo-
rated as ionic species through charge transfer with the low coor-
dinated ions on the grain surface. The use of an ionic FF essen-
tially assumes that the process of polarisation and charge transfer
occurs earlier in the monomer accretion process. Further tests are
required to see if this choice could affect the sticking coefficient.
We stress that the aim of the present work is not to predict grain
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Fig. 1. Upper: Summary of the steps involved in a NAGGS simulation. Lower: Example snapshots of a growing nanosilicate grain from a NAGGS
run with respect to grain radius. Atom colour key: Mg — blue, Si — yellow, O — red.

growth rates but to derive realistic nanograin structures from a
physically motivated accretion process and analyse the proper-
ties of the resulting grains. An overview of how NAGGS oper-
ates is illustrated in Figure 1.

3. Nanosilicate grain properties

We used NAGGS to model four different scenarios, from which
we extracted grains of varying size and analysed them accord-
ing to a range of physicochemical properties. To ensure that all
NAGGS runs were independent, each run used different ran-
dom seeds for generating the stochastic selections of incom-
ing monomers, speeds and impact parameters. Following the
thermodynamic preference for olivine in high temperature cir-
cumstellar nucleation, for all NAGGS simulations a low energy
70 atom olivine cluster (Mg;Si04);9 (Escatllar et al. 2019) was
used as an initial seed. The same seed structure was employed in
all simulations to avoid any potential dependence of the growth
process on initial conditions when comparing and averaging
results from different runs. We considered the growth from this
seed towards larger olivinic nanograins and towards nanograins
that becomes progressively more pyroxenic. These two scenarios
were compared for two temperatures, which correspond approx-
imately to upper (1100 K) and lower (600 K) limits for circum-
stellar silicate grain growth (see the introduction). The four con-
sidered growth scenarios can be summarised as:

— Mg-rich olivinic (Mg,Si04) composition at 600 K,

— Mg-rich olivinic (Mg,SiO4) composition at 1100 K,

— Mg-rich pyroxenic (MgSiO3) composition at 600 K,

— Mg-rich pyroxenic (MgSiO3) composition at 1100 K.
We note that the NAGGS runs under these conditions produce
amorphous silicate grains. Condensation models of circumstel-
lar silicate dust growth predict that silicates usually condense ini-
tially in amorphous form. Subsequently the grains can become
crystalline if they pass through sufficiently hot zones (>1100 K)
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with sufficiently long residence times (Gail & Sedlmayr 1999).
From experiments on amorphous silicate samples, no crys-
tallinity is induced at 600 K. At 1100 K we are in a transitional
temperature range at which some structural annealing towards
crystallinity can occur after several hours (Fabian et al. 2000;
Hallenbeck et al. 2000). However, observations of evolved-star
envelopes, where temperatures close to the star can exceed
1100 K, reveal that crystalline silicates usually comprise a minor
fraction of the dust population (Molster et al. 2002). This indi-
cates that timescales sufficient for high temperature crystal-
lization of growing grains are infrequently met in these envi-
ronments. We also note that modelling studies also show that
amorphous silicates are intrinsically more stable than crystalline
grains at the nanoscale size regime relevant to NAGGS simula-
tions (Zamirri et al. 2019; Escatllar et al. 2019).

For each of the four scenarios we performed ten separate
NAGGS simulations, where each individual simulation con-
sisted of 1200 monomer additions. All reported results for each
analysed property were computed as a statistical average over
all ten runs for the corresponding scenario. Below, we analyse a
selection of data from the simulations.

3.1. Chemical composition

To demonstrate the ability of NAGGS to grow grains towards
a desired chemical composition, Figure 2 shows the evolu-
tion of the deviation in the Mg:Si ratio from the correspond-
ing target ratio for selected NAGGS runs for each simu-
lated scenario. In the case of growing pyroxenic grains the
initial Mg:Si ratio shows a large deviation from the tar-
get Mg:Si ratio of 1:1, as they originate from the olivinic
seed with a Mg:Si ratio of 2:1. However, as the NAGGS
simulations progress, the chemical composition is progres-
sively adjusted. After 1200 monomer additions, the average
chemical composition for both temperatures is close to being
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Fig. 2. Size-dependent convergence of the Mg:Si ratio for pyroxenic
(top) and olivinic (bottom) grain compositions, grown at 600 K and
1100 K. For each chemical composition and temperature, the results of
three different NAGGS simulations are shown for each composition-
temperature combination. The plots show percentage deviations of the
Mg:Si ratio relative to the corresponding stoichiometric values (i.e. zero
deviation highlighted by dashed lines). The same analysis for the O:Si
ratio can be found in D.1.

pyroxenic, with a corresponding deviation from the target
Mg:Si ratio of about 10 percent on average. On the other hand,
the growth of olivinic grains starts from a seed with the appropri-
ate target Mg:Si ratio. Here, we see statistical fluctuations of the
ratio throughout, which decrease in magnitude as the NAGGS
simulation proceeds. As for pyroxenic grain growth, the tar-
get composition for olivinic grains is reasonably well converged
after 1200 monomer additions for both temperatures.

3.2. Grain radius

To estimate the average radius of the growing nanosilicate
grains, we first extracted the three moments of inertia (i.e.
I,,1,,1;) of the grain at each NAGGS step directly from its
atomistic structure and the atomic masses. We then represented
the average shape of the grain as an ellipsoid with these three
moments of inertia. The corresponding three radii of the ellip-
soid are given by

/|5
m(ly + IZ - ].X'),

ay = )
5

a, = w/m(lx +1, - Iy), 3
5

a, = m(lx +1, - I2), (@)

where (M) is the total mass of the grain.
The estimated radius, a, of the growing grain is then taken
to be the mean value of these three radii. The evolution of a

Pyroxene 1100K
Olivine 1100K

1.6

14

1.2

1.0

Grain radius (nm)

0.8

0.6

Ratio percentage (%)

200 400 600 800 1000
Number of atoms

1200 1400 1600

Fig. 3. Evolution of nanosilicate grain radius (top) of pyroxene (red) and
olivine (blue) grains at 1100K with respect to the number of atoms in the
grain. Bottom panel shows the corresponding ratio (as a percentage) of
the radii of pyroxene to olivine grains. The results for each grain compo-
sition were obtained from averages over ten NAGGS simulations. The
corresponding analysis for grains grown at 600K can be found in E.1.

shows the range of sizes covered by the NAGGS simulations,
ranging from particles containing only a few tens of atoms to
larger particles with radii >1.5 nm and well over 1000 atoms (see
Figure 3). This range includes those of molecular silicate species
(a < 0.5 nm) to small nanosilicate grains (Bromley (2024)). The
results also show that after about 300 monomer additions olivinic
nanograins tend to be between 1.5-3% smaller than pyroxenic
nanograins for the same number of atoms. This indicates that
olivinic nanograins possess more compact structures.

3.3. Grain sphericity

Sphericity (W) is a measure of how closely the shape of a parti-
cle approximates a perfect smooth sphere. This metric is defined
as the ratio between the surface area of a sphere with the same
volume as the object under study and the actual surface area of
the object (Wadell 1935):

_ T B3 (6 V)3

y=—2 ®)
Ao

where Vi is the volume of the object and Ay, its surface area.
Sphericity values close to one indicate shapes close to being
spherical, while lower values indicate non-spherical grain mor-
phologies and/or higher surface roughness. To obtain the vol-
ume and surface area of the grains, we employed the MoloVol
code (Maglic & Lavendomme 2022), which computes the van
der Waals volume and surface of atomic structures. In the calcu-
lation of both the volume and the surface, a probe of radius of
12Aanda grid resolution of 0.4 A were used. Radii of 2.19 A,
2.51 A and 1.5 A were considered for silicon, magnesium and
oxygen species, respectively.
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Fig. 4. Top: Silicate grain sphericity evolution with respect to the num-
ber of atoms in the grain for both pyroxene (red) and olivine (blue)
composition obtained at 1100 K. The bottom panel shows the corre-
sponding ratio (as a percentage) of pyroxene to olivine sphericity. The
results were obtained from averages over ten NAGGS simulations. The
corresponding analysis for grains grown at 600 K can be found in F.1.

The results presented in Figure 4 clearly show that the
sphericity of the grains tends to decrease as they grow. This ten-
dency is especially apparent for pyroxenic grains. Because the
NAGGS code adds incoming monomers in a stochastic and sta-
tistically isotropic way, any decrease in sphericity is likely due to
the heterogeneous set of interactions between the different ions
in the grain. For example, the Si*" and Mg?* cations strongly
repel each other, while both have strong attractive interactions
with O?~. While the thermodynamically favoured product of a
stoichiometric mix these species would be a magnesium silicate,
during stochastic growth local kinetic trapping can produce non-
mixed regions that can accumulate and persist (e.g. segregated
MgO or SiO,).

3.4. Grain morphology

To better understand the origin of the decrease in the sphericity
of the growing grains, we analysed the morphology of the grains
independently of the surface roughness. To achieve this, we used
the inertial moments of the growing grains to classify the them
as prolate (I, = I, > I,), oblate (I, > I, = Ix) or spherical
(Iy = I, = I,). In cases where all three inertia moments differ,
the grain shape lies between a prolate and an oblate spheroid.
Strictly speaking, this classification is not purely geometric, as
it also considers the distribution of mass throughout the grain.
Although we do find some atomic segregation in the grains (see
below), the average spatial distribution of atom types through-
out the whole grain is found to be sufficiently regular as not to
significantly affect this classification.

The evolution of the grain shape with respect to grain size
is shown in Figure 5. During the considered growth regime, all
grains maintain a prolate tendency. The slight preference for a
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prolate grain shape appears to be relatively independent of the
chemical composition and growth temperature. However, the
main overall trend is that nanosilicate grains tend to become
more spherical with increasing size. Extrapolating this trend to
larger grain sizes, we would expect circumstellar grains grown
from accretion to be spherical — as classified by their moments of
inertia. As the average grain shape cannot explain the significant
differences in sphericity shown in Figure 4, we turn our attention
to the surfaces of the grains.

3.5. Grain surface area

If the grains become more spherical as they grow, the decrease
in sphericity observed in Figure 4 should be attributed to an
increase in surface roughness. Visualization of the surface of a
typical olivinic and pyroxenic nanograin, as scanned using a vir-
tual atomic probe (Pettersen et al. 2021) (see Figure 8), clearly
supports this conclusion. For both grains, the overall shape
is quite spherical; however, the pyroxenic nanograin clearly
exhibits a considerably higher degree of surface roughness. To
further quantify this difference, we compared the surface area of
the olivinic and pyroxenic grains throughout their growth with
that of a perfect sphere having a correspondingly equal volume.
This analysis (see Figure 6) clearly shows a significant percent-
age excess of surface area for both types of grain. The surface
excess of olivine grains is found to be ~55% at the start of
the growth simulations, and increases gradually with size. The
surface excess of pyroxene grains starts at a value lower than
that of olivinic grains (~30%) but increases more rapidly with
increasing size. At the largest sizes reached at the end of the
NAGGS runs, olivine grains have around 75% excess surface
area, whereas pyroxene grains have over 120% excess surface
area.

The lower sphericity of pyroxene nanograins compared to
olivine nanograins also has implications for their relative specific
surface area (i.e. the surface area per mass). The specific surface
area determines the proportion of available sites for interactions
with gas phase species (e.g. adsorption and chemical reactions)
for a given dust population mass. For both nanograins composi-
tions we find specific surface areas of over one million m*/kg,
in line with their extreme small size. For the smallest sizes the
nanograins have their largest specific surface area ~2.7 x 10°
m?/kg, which then decreases with increasing grain size. The rel-
ative rate of decrease in the specific surface area for pyroxenic
grains is clearly slower than for olivinic grains, which can be
attributed to the lower sphericity of the former.

We note that the results in this sub-section are found to
be relatively independent of the growth temperature (see the
appendices). Overall, these tendencies suggest that pyroxenic
nanograins would have distinct astrochemical properties to
olivinic nanograins, which could also persist in larger grains.

3.6. Silica segregation

Mg-rich silicates can be represented stoichiometrically as com-
binations of MgO (i.e. magnesia) and SiO, (i.e. silica). In
enstatite crystals, the 1:1 (Si0,)(MgO) combination forms
oxygen-sharing linear chains of SiOi‘ tetrahedra, with Mg>*
ions lying between the chains. In contrast, in the relatively silica-
poor (Si0,)(MgO), stoichiometry of forsterite crystals, the
SiOi‘ tetrahedra are isolated, with Mg?* ions filling the space
between them. We note that crystalline grains are not thermo-
dynamically favoured for small nanograin sizes (Zamirri et al.
2019). In all our NAGGS runs the nanosilicate grains grow by
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Fig. 5. Silicate grain shape evolution for the simulation of pyroxenic
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The black circle indicates the ratio defining a perfect sphere. The grey
dashed line corresponds to the cases in which grains would be equally
prolate and oblate. The results were obtained as the average over ten
NAGGS runs.

stochastic accretion and are intrinsically amorphous. In such
nanosized systems it is not clear if the tendencies for silica seg-
regation will follow those of the corresponding bulk crystalline
silicate phase.

To analyse the degree of silica-segregation in our grains, we
employed the Q" notation (Stebbins 1987) to describe the local
chemical neighbourhood of each Si atom. Here, n denotes the
number of -O-Si units bonded to an individual silicon atom.
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g
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Fig. 6. Top: Surface area of growing pyroxenic (red) and olivine (blue)
grains grown at 1100K, and of a sphere with same radius as the grain
(black). Bottom: Percentage of excess surface area of the grains with
respect to the corresponding sphere. The results were obtained from
averages over ten NAGGS simulations. The corresponding analysis for
grains grown at 600K can be found in G.1.

This classification leads to an assignment of each silicon atom
in a grain to one of five groups with n ranging from O to 4 (see
Figure 9).

According to this scheme, a dominant proportion of Q° and
Q! centres corresponds to isolated SiO, and =Si-O-Si= groups,
respectively, and a low degree of silica segregation. A high pro-
portion of Q? Si atoms indicates the presence of one dimensional
silica chains or rings. Finally, Q* and Q* correspond to the great-
est degree of silica segregation in regions where the majority of
the oxygen atoms linked to a Si atom also link to another Si
atom.

The distribution of Q" centres for grains grown under the
four considered scenarios are shown in Figure 10 (see shaded
light and dark gray bars). Taking the 600 K scenarios first, we
see a significant difference in the distribution of Q" centres
with respect to the chemical composition of the corresponding
nanograin. Pyroxenic grains exhibit a significant degree of silica
segregation as evidenced by the high proportion of Q> and Q?
Si centres. The presence of the former centres is consistent with
the linear 1D chains of O-linked Si centres found in the bulk
enstatite crystal structure. At 600K, olivinic grains show less
silica segregation, with most Si atoms falling into the Q' and
Q? categories. For both grain compositions, the distributions are
broad with all types of Q" centres having some fractional weight.

When moving to the 1100 K scenarios we see that the degree
of silica segregation generally reduces, i.e. most Si atoms are
found in groups with smaller n compared to the same type of
grain grown at lower-temperature. We attribute this effect to the
increased atomic mobility at higher temperatures, which allows
atoms to move and occupy lower energy positions. Specifically,
in olivinic grains, higher temperatures allows for a significant
increase in the number of Q° centres, while reducing the number
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Fig. 8. Visual representation of the surfaces of two typical grains
with pyroxene (left) and olivine (right) composition. Both grains were
obtained by NAGGS simulations at 1100 K and have ~1.5 nm radii.

of Q" centres with n > 1. This is in-line with the dominance of
isolated SiO4 centres found in crystalline forsterite. For pyrox-
enic grains, the higher temperature growth reduced the number
of Q" centres with n > 2, while further increasing the number of
dominant Q? centres.

To further analyse the relationship between temperature and
silica segregation, we investigated the effect of high temperature
thermally annealing of various grains. This procedure involved
heating the grains to 1600K over 500 ps, starting from the tem-
perature at which the respective grain was grown. Subsequently,
the temperature was held constant for 1000 ps before being
decreased in a stepwise fashion by 100 K every 100 ps, with
each decrease followed by a 200 ps equilibration period. This
latter procedure was repeated until the original grain tempera-
ture was reached.

The resulting Q" distributions (see blue and red bars in
Figure 10) clearly demonstrate that high temperature thermal
annealing has a more pronounced effect on olivine grains than
on pyroxene grains. Compared with the 1100 K growth scenario,
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T@

Fig. 9. Examples of Si atoms belonging to different Q" groups. The
reference Si atom in each case is the Si atom in the centre of each SiO4
tetrahedron. Atom colour key: Mg — blue, Si — yellow, O — red.

the distribution of Q" centres for the annealed pyroxene grains
shows only minor changes. However, for the olivine grains, the
annealing results in a further dramatic increase in the proportion
of QU centres, with a decrease in the fractional weight of all other
Q" centres. Amorphous silicate grains with a forsterite compo-
sition tend to structurally anneal more easily than those with
an enstatite-like composition because the structural transforma-
tion required for crystallisation is less complex. Bulk forsterite
crystallises into a structure with isolated SiO, tetrahedra, which
can form through relatively short-range atomic rearrangements.
In contrast, bulk enstatite crystallises into a structure where
SiOy4 tetrahedra are linked into chains, requiring more exten-
sive polymerization and long-range ordering. This difference
increases the activation energy for enstatite crystallisation com-
pared to forsterite. We reiterate that although annealing of these
nanograins tends to reduce segregation and favour local struc-
tural order, which is similar to that in the respective bulk crys-
talline phase, the nanoscale dimensions of these grains inhibit
full crystallisation (Zamirri et al. 2019).

To more directly illustrate the higher degree of silica seg-
regation in pyroxenic grains, Figure 11 shows a cross-sectional
view of the atomistic structure of typical pyroxenic and olivinic
grains. In the pyroxenic grain more extended (Si-O-Si)-linked
regions (i.e. regions dominated by red and yellow colours) are
clearly observed. Conversely, in olivinic grains, the distribution
is more uniform with Mg atoms occupying more space between
distributed small localised regions of Si-O bonding.

3.7. Grain density

The density of a grain can be derived from the volume of the
grain, obtained following the approach used in calculating the
grain sphericity (see above), and the sum of the atomic masses.
In Figure 12 the evolution of grain density with respect to grain
size is shown for the four considered growth scenarios.

Overall, the grain density tends to decrease with decreasing
grain size. This tendency is expected due to the increasing pro-
portion of surface area with progressively smaller grain sizes.
Generally, surfaces of nanoparticles have under-coordinated
atoms which bond less effectively with their local environment
leading to a lower average atomic packing density.

One can also observe that the variation in density as the
grains grow is relatively independent of the chemical com-
position for a fixed temperature. However, a higher growth
temperature tends to lead to slightly lower density grains.
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Specifically, we see that growing grains at 1100 K are about 1—
1.5% less dense than those growing at 600 K. This is partly due
to the higher thermal expansion of the grains at 1100 K. In Figure
12 we also show the effect of quenching the grains to 0 K while
preserving their atomistic structure (i.e. to remove any influence
of thermal expansion). Here we see that grains quenched from
1100K still have a lower density than grains quenched from
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M SiO:
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c
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Fig. 12. Evolution of grain density for pyroxenic (red) and olivinic
(blue) grains at 600 K and 1100 K. The shaded grey area corresponds
to a range of experimentally measured densities of bulk Mg-silicate
glasses reported in Jiang et al. (2023). Orange and green lines indicate
the limiting density when optimizing the grain’s structure at O K for the
grains obtained at 600K and 1100K, respectively.

600K, albeit with a slightly reduced density difference relative
to the pre-quenched grains. This implies that the thermal expan-
sion is not the only reason for the temperature-dependent density
differences.

Another characteristic feature in all the density plots in
Figure 12 is an initial drop in density in the first few growth
steps. This decrease is due to the higher susceptibility of smaller
grains to the impacts of the incoming monomers. These impacts
cause structural distortions in the grain when it is very small,
which lead to a small expansion of its volume. This effect is
more pronounced for higher-temperature simulations due to the
higher velocity monomer impacts, leading to a greater drop in
density. It appears that this effect produces an initial offset in
the density of the growing grains that then persists throughout
the growth.

For a more quantitative measure of our calculated densities,
in Figure 12 we also compare our values with experimentally
measured densities for magnesium silicate glasses (Jiang et al.
2023). For smaller grains (<1 nm radius) the densities of our
growing amorphous grains are found to be lower than that
of bulk amorphous Mg-silicates. However, the densities of the
largest grains tend to converge to values within the measured
range typical for bulk glassy Mg-silicates. We note that the
experimental values were likely obtained at room temperature
and will thus exhibit very little thermal expansion.

We also note that the density of porous aggregates of
(nano)silicate grains would have much lower densities than those
reported here. In future versions of the NAGGS code we plan to
incorporate grain-grain aggregation to explore the formation and
properties of nanoporous grains (Potapov et al. 2025).
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Fig. 13. Evolution of the grains dipole moment for the simulation of
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The dipole moments have been corrected to have DFT-like accuracy
according to C.1. The results in each case were obtained as the average
over ten NAGGS runs.

3.8. Electric dipole moments

Nanosized grains strongly contribute to photoelectric heat-
ing of the ISM (Weingartner & Draine 2001) and the inter-
galactic medium (Nathetal. 1999) and are also involved
in regulating grain-plasma coupling through dust charging
(Shukla & Eliasson 2009). These processes are intimately linked
with the electric dipole of moments of the grains. The ten-
dency for nanograins to aggregate can also be influenced by
dipole-dipole interactions (Matthews & Hyde 2009). The dipole
moment of a nanograin is also a crucial parameter for assess-
ing its potential to emit in the microwave region of the elec-
tromagnetic spectrum. In this context, nanosilicate grains have
been proposed as potential carriers of the anomalous microwave
emission (AME) (Hensley & Draine 2017; Hoang et al. 2016;
Escatllar & Bromley 2020).

The AME is a foreground feature, with a broad peak around
20-30 GHz, and is observed in various astrophysical environ-
ments (Cepeda-Arroita et al. 2021). For nanosilicates to con-
tribute to the AME they must be small enough to spin fast
enough at typical temperatures encountered in the ISM (<300K).
Ultrasmall nanosilicates with <100 atoms are readily excited
to sufficient rotational velocities. DFT calculations have also
directly shown that they also have high enough dipoles to explain
the AME with only 1% of the available Si mass in such grains
(Escatllar & Bromley 2020). The larger nanosilicate grains con-
sidered herein, are expected to have higher dipole moments, but
will spin at a slower rate. However, when taking into account the
complex rotational dynamics of non-spherical grains (e.g. wob-
bling effects Hoang et al. 2010) and the alignment of the dipole
moment with the inertial axes (Hoang et al. 2011) the microwave
emission peak of such grains can be shifted to the regime of the
AME peak.
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One of the most important parameters that determines the
potential for a nanosized grain to be a carrier of the AME is the
size-normalised dipole moment (3),

u
B N
where u is the total dipole moment of the grain in units of Debye
and N is the number of atoms in the grain. In most numerical
modelling of spinning nanograins, 8 is taken to be a constant
that characterises the dipolar character of the grain material. The
electric dipole magnitude then scales as 8 VN. In our atomistic
FF-based treatment, u can be directly calculated from

u= Z riq; + ORcom,

(6

@)

where the r; and ¢; are the positions and the ionic and shell
charges (see FF parameters in Appendix A), Q is the net grain
charge, and Rcoy is the position of the COM. To confirm the
reliability of the FF for calculating accurate dipole moments we
compare the predictions of the FF with those from DFT calcu-
lations for a set of nanosilicates (see AppendixC). The excellent
correlation between the two sets of evaluated data show that our
employed FF tends to slightly underestimate nanosilicate dipole
moments by ~5%. The dipole moments used in the following are
thus adjusted by 5% to correct for this small systematic shift.

In Figure 13 we show the evolution of u with respect to
grain size for each of the four growth scenarios considered. For

each scenario we show a plot of 8VN with a fitted constant
value of B to best match the observed dipole growth rate. All
fitted B curves provide a reasonable description of the calculated
size-dependent dipole evolution. However, we find that pyrox-
ene grains tend to have higher 8 values than olivine grains (by
18-28%) for the same growth temperature. This shows that g
can be sensitive to the chemical composition of silicate mate-
rial. We also see that higher temperature growth leads to a sig-
nificantly lower respective § value for the same material. This
behaviour could be attributed to the increased mobility of the
atoms at higher temperatures, allowing them to find more stable
positions, which tends to reduce the total dipole moment of the
grain.

In all grain growth scenarios we find that 8 > 1 . In numerical
modelling studies of the potential contribution of nanosilicates
to the AME, a maximum upper bound of 8 = 1.0 is typically
assumed (Hoang et al. 2016; Hensley & Draine 2017). We note
that the higher 8 values we find are in line with those from accu-
rate quantum chemical DFT calculations for ultrasmall nanosili-
cate grains (Escatllar & Bromley 2020). Generally, amorphous
silicates exhibit local structural ordering based on alternating
anionic (but non-dipolar) Sin‘ groups and Mg?* cations. The
cumulative effect of these local charge imbalances produces sub-
stantial net dipole moments, as confirmed by all our nanosilicate
models. This characteristic may have important implications for
understanding their potential role as carriers of the AME.

As the nanosilicate grains in our simulations do not have per-
fectly spherical shapes (see above) we have also calculated the
alignment of the dipole moment with the largest axis of iner-
tia (i.e. around which grain rotation tends to be favoured with
energy dissipation). In Figure 14 we show histograms of the
cosine of this alignment angle (6) considering all cycles of each
grain growth scenario. Here, for all cases, we see that the dis-
tributions are very flat, which indicates that there is no favoured
alignment between the dipole moment and the principal iner-
tial axes. In such situations, grains can exhibit complex rota-
tional behaviour when interacting with electromagnetic fields
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dipole moment and its principal (maximum) moment of inertia for sim-
ulations of pyroxenic (top, red) and olivinic (bottom, blue) grains at
600 K (left) and 1100 K (right). Each histogram combines data from all
grains obtained across ten NAGGS runs.

that alters their alignment, emission, and charging characteris-
tics. In turn, this can lead to significant consequences for inter-
preting polarization and dust-plasma interactions in astrophysi-
cal environments.

4. Conclusions

We have demonstrated how NAGGS can provide realistic atom-
istically detailed nanograin models by simulating the dynamic
process of growth by monomeric accretion at finite temperatures.
Using the circumstellar growth of Mg-rich nanosilicates as an
example case study, we focused on two different chemical com-
positions and two limiting growth temperatures. Our conclusions
are based on an analysis of a set of astrophysically relevant prop-
erties of the produced grain models with respect to size, chemical
composition, and growth temperature.

1. All growing nanosilicate grains, regardless of composition
or growth temperature, are amorphous and have a slight ten-
dency to be prolate. All grains become more spherical with
increasing size.

2. Olivine and pyroxene nanograins grown at the same temper-
ature have similar densities. Grains grown at higher temper-
atures tend to have lower densities. We mainly attribute this
effect to the influence of high temperature accretion on the
initial seed.

3. For the same grain size, pyroxene grains have larger specific
surface areas than olivine grains. This difference is due to the
higher roughness of the pyroxene grain surfaces. In turn, this
is likely linked to the high degree of silica segregation in the
pyroxene grains.

4. Increasing the growth temperature from 600 K to 1100 K
tends to lead to less locally segregated nanosilicate struc-
tures. This effect is more pronounced for olivinic nanograins.

High temperature annealing at 1600 K has little further effect
on the segregation of pyroxene nanograins but leads to a
further significant lowering of segregation in the olivine
nanograins.

5. The size-normalized electric dipole moments of the nanosil-
icate grains are consistently high (8 > 1 in all cases), indi-
cating that these grains can efficiently produce rotational
emission and may therefore play a significant role as carriers
of AME.

6. Pyroxene nanograins exhibit systematically higher dipole
moments than olivine nanograins of comparable size. For
both compositions, increasing the growth temperature results
in a modest decrease in their corresponding 3 values.

7. For all considered grain growth scenarios, there is no statisti-
cally significant alignment of the dipole moment of the grain
with any of its principal inertial axes. As the dipole orienta-
tion is effectively random relative to the rotation axis, it could
potentially further enhance microwave emission.

We note that these insights are only possible due to: (i) the sim-
ulation of grain grown by monomer accretion to produce real-
istic atomistically detailed grain models, and (ii) the ability to
directly interrogate the structures and properties of the result-
ing grain models. We anticipate that such an approach will help
improve our understanding of how the properties of nanograins
lead to observational consequences. We thus hope that NAGGS
will provide a tool for placing new constraints on the abundance
and character of nanosilicates and other nanosized grains in a
range of astrophysical environments.
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Appendix A: FF parameters used in the MD
simulations

The interactions between ions are described by an empirical
FF based on pairwise interactions described by a Buckingham
potential and Coulombic interactions:

qiqj
dneg r

C::
Uij(r) = + AP — r—lﬁj ,

where U;;(r) is the potential energy of two interacting ions i and
Jj separated by a distance r. The values of all constants are pro-

vided below.

Table A.1. Ionic charges

Element Charge (q)
Si 2.7226
Mg 1.3613
Ocore 1.91981
Oghell -3.28111

Table A.2. Buckingham parameters

Interacting species A(eV) ol (A) C (eV A%
Si-Ospen 8166.2632 0.193884 0.0
Osheti-Oshell 15039.909 0.227708 0.0
Mg-Oshen 2014.61 0.247732  10.1938

In addition to the interionic interactions, polarisation of the
oxygen anions is described by the shell model with a harmonic
spring between a positive core and a massless negative shell
(Dick & Overhauser (1958)).

Table A.3. Core-Shell spring constant

Spring constant (A~2)
256.71027

Interacting species

Ocore=Oshell

We note that this the parameterisation of this FF is very sim-
ilar to that used in Escatllar et al. (2019).

L A&A, 706, A303 (2026)

Appendix B: Comparison of energetic stabilities of
a set of 90 ultrasmall nanosilicate structures as
calculated using the employed FF and DFT
calculations

® Pyroxene Relative Energy °
= Pyroxene Fit °
e Olivine Relative Energy
m— QOlivine Fit

IS

Relative energy per unit - DFT (eV)

1 2
Relative energy per unit - FF (eV)

Fig. B.1. Comparison of the relative energies of the optimized structures
of all nanosilicates in the set used in Zeegers et al. (2023), as calcu-
lated using DFT and the FF used in the NAGGS simulations. The DFT
calculations employed the PBEO functional (Adamo & Barone (1999))
and a Tierl1/tight basis set based on all-electron numeric atom-centered
orbitals (Jensen et al. (2017)), as implemented in the FHI-AIMS code
(Blum et al. (2009)).
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Appendix C: Comparison of dipole moments of a
set of 90 ultrasmall nanosilicate structures as
calculated using the employed FF and DFT
calculations

e Data
Linear Fit: y = 0.906x + 0.043 °
~ R2=0.950
10 °
8

Dipole - FF (Debye)
[=)]

0 2 4 6 8 10 12
Dipole - DFT (Debye)

Fig. C.1. Magnitudes of dipole moments of the optimized structures
of all nanosilicate used in Zeegers et al. (2023), using DFT and the FF
used in the NAGGS simulations. DFT calculations used the same set-up
as in used in Appendix B. We note that DFT calculations employing the
PBEO functional are known to provide highly accurate dipole moments
Hait & Head-Gordon (2018).
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Appendix D: Evolution of the O:Si ratio

40

Pyroxene 600K
Pyroxene 1100K

Olivine 600K
20 Olivine 1100K

0:Si Ratio deviation (%)
w
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Fig. D.1. Size-dependent convergence of the O:Si ratio for pyroxenic
(top) and olivinic (bottom) grain compositions, grown at 600 K and
1100 K. For each chemical composition and temperature, three different
simulations are shown for each composition-temperature combination.

Appendix E: Radius evolution for simulations
carried out at 600K

Pyroxene 600K
Olivine 600K

1.6

1.4
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1.0
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Ratio percentage (%)

200 400 600 800 1000
Number of atoms

1200 1400 1600

Fig. E.1. Top: Evolution of & of pyroxene (red) and olivine (blue) grains
grown at 600K with respect to number of atoms. Bottom: the ratio of the
radii of pyroxene and olivine grains. Results are obtained from averages
over ten NAGGS simulations.



Appendix F: Sphericity evolution for simulations
carried out at 600K
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Fig. F.1. Top: Sphericity with respect to the number of atoms in the
grain for pyroxene (red) and olivine (blue) grains obtained at 600K.
Bottom: ratio of pyroxene to olivine grain sphericity. The results are
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obtained from averages over ten NAGGS simulations.
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Appendix G: Surface increase evolution for
simulations carried out at 600K

Pyroxene 600K
5 7000  Olivine 600K
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g
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Fig. G.1. Top: Surface area of growing pyroxenic (red) and olivine
(blue) grains grown at 600K, and of a sphere with same radius as the
grain (black). Bottom: Percentage of excess surface area of the grains
with respect to the corresponding sphere. The results are obtained from
averages over ten NAGGS simulations.
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